Background: Evidence for an association of fasting plasma glucose (FPG) with cognitive function in adults free of diabetes is scarce and based on middle-aged and older adults. We examined the association of FPG, measured at age 30, and of change in FPG from age 30 to 43, with cognitive function at age 50. Methods: 505 nondiabetic participants of the population-based Jerusalem Lipid Research Clinic (LRC) cohort study had baseline FPG, 2-h postoral challenge plasma glucose (OGTT) and insulin determined at ages 28-32, and FPG and OGTT again at ages 41-46. Subsequently at ages 48-52, global cognitive function and its five specific component domains were assessed with a NeuroTrax computerized test battery, using multiple linear regression and multivariable logistic models. Results: Hyperglycemia (FPG ! 5.6 mmol/l vs. <5.6 mmol/l) at baseline was associated with poorer global cognitive function in midlife (predominantly in the visual spatial and attention domains), independent of socio-demographic characteristics, life style variables, body mass index (BMI), and inflammatory and biochemical variables (standardized Beta = À0.121, P = 0.002, p linear trend(FPG continuous) =0.016). Similarly, increased odds for low-ranked (lowest fifth) global cognition was evident (OR per mmol/l FPG =2.31, 95% CI = 1.30-4.13, P = 0.005). Baseline OGTT, insulin resistance (HOMA-IR) and change in FPG and OGTT over 13 years were not associated with cognition. Conclusion: A higher FPG in young adults was associated with lower cognitive performance in midlife. Although we cannot dismiss the possibility of reverse causation, hyperglycemia at a young age may be a modifiable risk factor for low-ranked cognitive function in midlife.
Introduction

I
t is well established that type 2 diabetes is associated with an increased risk of incident dementia 1 as well as with cognitive decline 2 and poor cognitive function. 3 Similarly, hyperglycemia and insulin resistance without clinically diagnosed diabetes have been related to poorer cognitive function in late-life. [4] [5] [6] Nevertheless, data relating impaired glucose regulation to cognitive function in younger adults are scarce, [7] [8] [9] [10] are all based on crosssectional assessment of glucose and cognition, and are based on middle-aged samples 7, 9, 10 and type 2 diabetes patients 7, 8 or a small sample of convenience. 11 We are unaware of reports relating either glucose levels or longitudinal change in plasma glucose with cognitive assessment in non-diabetic young adults. Accordingly, we aimed to evaluate the relationship of fasting plasma glucose (FPG), 2 h post-oral challenge plasma glucose (OGTT) and insulin resistance (HOMA-IR) measured at ages 28-32, as well as change in FPG and OGTT over a 13-year follow-up to ages [41] [42] [43] [44] [45] [46] , with global cognitive function, the primary outcome variable, in a populationbased cohort aged 48-52. The specific multi-domain components that contribute to global function served as secondary outcomes.
Methods
Study population
The study sample was derived from the Jerusalem Lipid Research Clinic (LRC) Study, a longitudinal, population-based cohort initiated in 1976-1978. Details regarding sampling and response rates have been reported. 12 A flow diagram for Visits 1-6 from 1976 through 2011 is shown in figure 1 . In brief, in 1976-1978 the Jerusalem LRC examined 8646 17-year-old Jewish residents of Jerusalem, representing full age cohorts (Visit 1), as part of a compulsory examination to determine their fitness for military service (irrespective of actual conscription). In 1989-1991 (Visit 4, at age 28-32, the baseline of the current study), 2 overlapping samples of Visit 1 were re-invited: a sex-stratified random sample consisting of 884 young adults who met the eligibility requirements (71% response), and offspring of parents (an additional 168 individuals) who had a documented acute myocardial infarction or sudden cardiac death over a 10 years follow-up period (65% response). A total of 1052 eligible subjects (70% response) were examined and interviewed at age 28-32y. 13 In 2003-2006 (Visit 5, age [41] [42] [43] [44] [45] [46] , 631 of the Visit 4 participants were re-examined 14 [71% response rate, after exclusion of 168 ineligible participants who were largely not current Jerusalem residents, were pregnant or were within 3 months of delivery, had a serious incapacitating illness or had died]. In 2009-11 (Visit 6, age 48-52), [15] [16] [17] 507 of the 631 Visit 5 participants (82% response rate among those eligible) underwent cognitive function assessment. We were unable to gain access to and thus adjust for a routine baseline cognitive measure that was taken as part of the compulsory military examination at age 17. FPG, OGTT, insulin, and insulin resistance were determined at Visit 4 (mean age 30 years); FPG and OGTT were repeated at Visit 5. The current analysis was undertaken on 505 Visit 6 non-diabetic individuals after excluding 2 patients with diabetes at baseline (0.4%). A comparison of Visit 1 characteristics between the Visit 6 participants (n = 505) and nonparticipants initially examined at Visit 1 (n = 8139) showed that the sexspecific distributions of body mass index (BMI), country of origin, education and plasma lipids and lipoproteins were very similar (Supplementary table S1) .
We also compared the Visit 6 participants who had a parent with a documented history of coronary heart disease (CHD) vs. those who did not for their sex-specific BMI, sociodemographic characteristics and lipid profile determined at Visit 4 to assess the effect of the v4 sampling scheme on generalizability (not shown). Other than cholesterol and triglyceride values that were higher in male participants and lower in female participants with parental CHD, distributions were similar.
Ethical approval was obtained from the Hadassah Medical Center Helsinki Committee.
Signed informed consent was obtained from all individual participants included in the study.
Assessment of cognitive function
Cognitive functions were assessed through a battery of NeuroTrax computerized cognitive tests (NeuroTrax Corp., Modiin, Israel). The battery was designed to evaluate performance in about 30 min (0: 32 AE 0: 04 h in our study) across an array of cognitive domains known to deteriorate during aging (including memory, executive function, visual spatial processing, attention, and information processing speed). It provides measurements of accuracy and response time in milliseconds and has been shown to be valid 18, 19 and reliable. 
Assessment of plasma glucose levels
Plasma glucose was determined on both 12 h fasting samples and 2 h after a standard 75 g glucose challenge at Visit 4 (mean age 30 years) and Visit 5 (mean age 43 years) by standard enzymatic techniques. Diabetes at baseline (Visit 4), defined as the use of insulin or oral medications or a FPG !7.0 mmol/l (! 126 mg/dl) or OGTT ! 11.1 mmol/l (! 200 mg/dl), led to the exclusion of 2 participants. Hyperglycaemia was defined as FPG !5.6 mmol/l (! 100 mg/dl and <126 mg/dl).
Assessment of insulin resistance
12-h fasting insulin was measured by radioimmunoassay. Insulin resistance at Visit 4 was estimated using the HOMA-IR. ). Depressive and anxiety symptoms were measured at Visit 6 using a translated Hebrew version of the Hospital Anxiety and Depression Scale (HADS) (two 7-item independent subscales). 26 Figure 1 LRC study design flow chart. Ã2 overlapping samples of Visit 1 were re-invited to Visit 4: a sex-stratified random subsample sample comprising 884 young adults with a male to female sampling ratio of 1.6: 1 (71% response), and offspring of parents (an additional 168 individuals) who had a documented acute myocardial infarction or sudden cardiac death over a 10y follow-up period (65% response). The sampling scheme was incorporated in the analysis-and did not affect the results. yExclusion of ineligible participants who were not current Jerusalem residents, were pregnant or were within 3 months of delivery, had a serious incapacitating illness or had died
Assessment of covariates
Measures of BMI (in kg/m 2 ), blood pressure, health behaviors and biochemistry were obtained at baseline. Blood pressure was taken as the mean of the last 2 of 3 seated measurements using a standard mercury sphygmomanometer after 5 min of quiet rest. Health behaviors consisted of cigarette smoking (lifetime pack-years), alcohol intake ( once a week, and a median split of number of units per week as two dummy variables of low and high intake), and vigorous physical leisure-time activity for at least 20 min causing sweating and shortness of breath (yes/no).
Plasma total cholesterol, HDL-C and triglycerides were measured on 12-h fasted samples by standard enzymatic techniques at Visits 1, 3, 4 and 5 at mean ages 17, 21, 30 and 43 years. LDL-C was computed by the Friedewald method. Inflammation markers assessed at baseline were plasma concentrations of C-reactive protein (CRP) (by ELISA), fibrinogen (Clauss method), and the white blood cell count (Beckman Coulter Counter). Plasma GlycA, a novel protein glycan inflammatory biomarker (determined by NMR), was quantified in both baseline (mean age 30 years) and follow-up (mean age 43 years) samples. 15, 27 Serum homocysteine was determined at baseline using HPLC with fluorometric detection.
Statistical analysis
Raw cognitive outcome measures (i.e. response time, accuracy and composite scores) were z-standardized to permit averaging across the different scales of measurement. Timed measures (response time and response time SD) were multiplied by À1 so that higher values indicate better performance. The z-standardized measures were then averaged to produce five scores, each indexing a different cognitive domain: memory, attention, executive function, visual spatial, and information processing speed. A summary global cognitive score, computed as the average of the 5 domain scores, was treated as the main dependent variable. Cognitive scores with negatively skewed distributions (global, memory and attention) were BoxCox power transformed ( = À0.5, i.e. inverse square-root transformation), to achieve an approximately Gaussian distribution, subsequent to reflection (computed by subtracting each value of a negatively skewed score from a constant).
FPG at baseline was normally distributed. FPG was treated categorically as FPG !5.6 mmol/l (5.6-6.9 mmol/l) vs. FPG <5.6 mmol/l and as a continuous variable to test for trend. Secondarily, we also grouped FPG as <4.4, 4.4-4.9, 5.0-5.5, and !5.6.
Multiple linear regression models were used to examine the associations between each glucose and insulin resistance measure (independent variables) and global cognitive function, the primary outcome. These models were repeated separately for each of the 5 cognitive domains to assess to which component(s) the association with global function can be attributed (secondary outcomes). Regression coefficients are reported as standardized Betas. Odds ratios (ORs) and 95% confidence intervals (CI) for the association of glucose and insulin resistance with poor cognitive function were computed from logistic models. A score in the lowest quintile was regarded as relatively poor cognitive performance, as has been previously defined by others, 28 and was compared with the upper 4 quintiles grouped. Nominal two-sided p-values are reported. Sex interaction with hyperglycemia on the main global cognitive function outcome, tested in a separate regression model using a multiplicative term, showed no evidence of interaction (P = 0.77); consequently, we did not further stratify the statistical models by sex. Sensitivity analyses were performed on global cognitive function with fasting plasma glucose restricted to <6.1 mmol/l.
In all analyses, we accounted for the sampling scheme at Visit 4 by the introduction of a dichotomous (0, 1) term representing the random sample vs. the parental CHD sample, despite that its incorporation did not affect the associations (not shown). Additional stratified analysis comparing cases with a documented positive family history of CHD vs. those without parental CHD, showed stronger associations in the former group of cases; however, the parental CHD interactions were not statistically significant (all P > 0.7). Consequently, all analyses were based on the full cohort and were adjusted for the sampling scheme.
Analyses were adjusted for age, sex, educational level, origin, religiosity, SEP in childhood (ICBS ranking), adult SEP (ICBS ranking) and cigarette smoking, leisure-time vigorous activity, alcohol intake, BMI, total cholesterol, HDL-cholesterol and GlycA measured at baseline. These were selected on the basis of their confounding effect size on the Beta coefficient of the bivariate baseline FPG-global cognition association (!5%). Depression, anxiety, systolic and diastolic blood pressure, LDL-cholesterol, triglycerides, C-reactive protein, white blood cell count, fibrinogen and homocysteine showed no material confounding effect and were not included. In a sensitivity analysis using backward stepwise regression, we reduced the selected covariate set to sex, educational level, adult SEP and BMI, as the excluded group of covariates did not affect the Beta coefficient of the full multivariable-adjusted model (i.e. the effect size for the excluded group was below 5%). The association of FPG with global cognitive function was also analysed in a sensitivity analysis to examine the effect of controlling for waist-to-hip ratio rather than BMI.
To avoid loss of observations in the multivariable analyses, missing values were replaced with non-missing median values (adult SEP, n = 5; leisure-time vigorous activity, n = 1) or for GlycA (n = 20) by imputation using a backward stepwise linear regression procedure applied to variables predicting GlycA (P for removal >0.2). A complete case analysis slightly attenuated the associations.
Statistical analyses were carried out using SPSS v21.0 (IBM Corp., Armonk, NY).
Power
Setting an value of 0.05 (2-tailed), this sample had a power of 0.9 to detect a correlation of 0.15 between FPG and cognition, and given a 0.16 prevalence of hyperglycemia, it had a power of 0.8 to detect an OR of 2.1 in a logistic model predicting poor cognitive function (lowest fifth) and a difference of about a 1/3 SD in the global cognitive score in a linear regression model.
Results
Characteristics of the study sample at baseline are presented in table 1. Participants were aged 28-32 at baseline and 41-46 at follow-up with a range of 12-16 years of follow-up (13.1 AE .7); 33% were women, and 54% were high school or university graduates. Mean BMI was high and mean HDL-cholesterol was low as has been reported.
14 Alcohol intake was low as was leisure time vigorous activity and about onethird of the sample smoked.
Median values for FPG and post-challenge glucose at baseline (mean age 30 years) were 5.1 [interquartile range (IQR), 4.8-5.4) mmol/l] and 4.8 (IQR, 4.2-5.6) mmol/l, respectively, and increased over the 13-year follow-up period (mean age 43 years) to 5.4 (IQR, 5.1-5.7) mmol/l and 5.4 (IQR, 4.7-6.3) mmol/l, respectively. Sex-adjusted Spearman tracking correlations over the 13 year average follow-up were rho=.397 and rho=.311 for FPG and OGTT levels, respectively. 16.2% (n = 82) participants had hyperglycemia defined as FPG !5.6 mmo/l at baseline (see Supplementary figure S1 ). The mean FPG of 5.1 mmol/l in the LRC cohort members aged 28-32 (5.2 mmol/l and 4.9 mmol/l in men and women, respectively) is in accordance with the mean values of 5.1 mmol/l and 4.8 mmol/l among white men and women of the CARDIA Study at ages 25-37. Similarly, using logistic models to predict low ranked cognition (the lower fifth of the cognitive score distribution compared with the upper 4 quintiles grouped), an approximately 130% increased odds for low global cognitive function was evident per 1 mmol/l FPG increment at baseline (OR = 2.31, 95% CI = 1.30-4.13, P = 0.005). FPG !5.6 mmol/l (vs. <5.6 mmol/l) was associated with a 2-fold increased odds for low ranked global cognitive function (OR = 2.10, 95% CI = 1.09-4.06, P = 0.026). Compared with FPG <4.4 mmol/l, increasing levels of FPG conferred a graded increase in the odds for low ranked global cognitive function (p for trend=.006) (table 3, Model 2).
The FPG-cognition associations were evident, albeit somewhat attenuated, in a sensitivity analysis restricted to FPG <6.1 mmol/l (see Supplementary table S3) .
The associations for FPG !5.6 vs. <5.6 mmol/l persisted in a sensitivity analysis of global cognitive function adjusting to a reduced covariate set (standardized Beta=À0.125, P = 0.001 and OR = 2.06, 95%CI = 1.11-3.83, P = 0.023) and for FPG treated as a continuous variable (standardized Beta=À0.091, P = 0.018 and OR = 1.04, 95%CI = 1.00-1.07, P = 0.010) (not shown). The association of FPG with global cognitive function was not affected in a sensitivity analysis substituting BMI with waist-to-hip ratio (not shown).
There was no association of cognition in midlife with baseline HOMA-IR (tables 2 and 3) or with baseline OGTT or OGTT change or FPG change over the mean 13 years follow-up (Supplementary table S4) .
Discussion
In our population-based cohort free of diabetes at ages 28-32, higher FPG at age 30 years was associated with lower global cognitive function in midlife, mainly attributable to its visual spatial and attention domains. These associations persisted after adjustment for BMI, demographics, childhood and adult SEP, physical activity, alcohol intake, smoking, inflammatory variables and Missing data: adult SEP (ICBS ranking) (n = 5), adult SEP (MacArthur Scale) (n = 11), childhood SEP (Vered Kraus Scale) (n = 4), social mobility (n = 5), hyperglycemia (n = 7), HOMA-IR (n = 1), depressive symptoms score (n = 4), anxiety symptoms score (n = 4), leisure-time vigorous activity (n = 1), LDL-cholesterol (n = 7), homocysteine (n = 16), C-reactive protein (n = 14), white blood cell count (n = 12), fibrinogen (n = 43), GlycA (n = 20 Model 1: Adjusted for sex and age at cognitive assessment. Model 2: Additionally adjusted for educational level, origin, religiosity, childhood SEP, adult SEP (ICBS ranking) and cigarette pack-yrs, leisure-time vigorous activity, alcohol intake, BMI, total cholesterol, HDL-cholesterol and GlycA measured at baseline (at ages [28] [29] [30] [31] [32] , and for the sampling scheme.
Missing plasma lipids. The associations remained evident when the analysis was restricted to those with FPG <6.1 mmol/l. Baseline insulin resistance and OGTT, and change in FPG and OGTT over the 13 years follow-up were not associated with cognition. Our study shows, in line with previous reports, that blood glucose levels are associated with cognitive function, and in particular extends this finding to young adults free of diabetes. Recent studies report an association between higher glucose levels (combined FPG and HbA1c values) and increased risk of dementia in older adults (n = 2067; aged 76 years) with and without diabetes, 30 as well as associations between hyperglycemia (diabetes) and impaired memory, visual perception and attention (n = 2126; ages , 3 between impaired glucose metabolism (composite score of FPG, HbA1c and HOMA) and lower executive function in a national sample of middle-aged and older adults (n = 1076; median age, 57 years), 31 between chronically higher blood glucose levels (HbA1c) and lower memory scores in older adults without diabetes (n = 141; age 63.1 AE 6.9), 4 between higher FPG levels, even within the normal range (<6.1 mmol/l), and longer reaction times in processing speed (n = 41; age 64.7 years) 32 and between higher FPG in 35 obese and 35 normal weight university students free of diabetes (age 20.8 AE 2.4)
11 on a test of inhibitory control among 3 cognitive domains assessed.
Longitudinal data on the relationship between blood glucose and cognition are sparse, inconsistent and also limited to older adults. Longitudinal trajectories of glycated haemoglobin (HbA1c) in older adults with type 2 diabetes (n = 835, mean age, 72.8 years) predicted overall cognitive performance and its executive domain. 33 A study that examined change in HbA1c and cognition among older adults with normal glucose tolerance (NGT) (!75 years old, n = 101) 6 found a decrease in the Mini-Mental State Examination with increasing HbA1c. The only study to our knowledge that has examined longitudinal change in FPG 34 did so in a sample of adults aged 25-85 at baseline (n = 4547) and reported, in line with our study, no association of FPG change with cognition measured 12 years later.
Consistent with our findings, HOMA was not associated with cognitive function in the MONA LISA study (age 50.0 AE 8.1, range 35-64 years) in which 4% and <6%, had hyperinsulinemia or an HOMA value >2.6 mlU/lÃmmol/l. 10 In the Framingham Heart Study third-generation cohort (n = 2126, age 40.4 AE 8.7, range 19-72), 3 no association of HOMA with cognition or of HOMA with structural brain measures (fractional anisotropy or gray matter density) was found. On the other hand, in the Framingham Offspring study (mean age 61 AE 9), 35 HOMA was related to poorer executive and visuospatial memory scores. In the ARIC cohort (age 53.7 years, range, 45-64), 36 HOMA was associated with lower baseline cognitive test scores. In the Framingham Offspring study and the ARIC cohort mentioned above, 35 ,36 adiposity was not accounted for, and in Framingham diabetes 35 was included. Our study sample was younger, was free of diabetes and accounted for BMI.
Mechanisms underlying the relationship between glycemia and cognitive function might involve glucose-related increases in inflammatory responses and blood coagulation activation, leading to subclinical strokes, gray matter atrophy, reduced white matter integrity and subsequent cerebral volume loss. 4, 35 Moreover, hyperglycemia (HBA1C !5.5% or FPG !5.8 mmol/l) is linked to an increase in prevalence of retinopathy. 37 Retinal microvascular abnormalities appear to reflect small vessel damage in the brain and are independently associated with poor cognitive function in midlife. 38 Direct 'toxic' effects of glucose on neuronal structures include imbalance in the generation and scavenging of reactive oxygen species, or advanced glycation of important functional and structural proteins in the brain. 39 Ultimately, these structural changes may lead to decreased neurotransmitter signaling and loss of synaptic contacts with subsequent cognitive impairment. 40 The main limitation of this study to be considered when interpreting our findings is that the measure of cognition was done at one point in midlife. Consequently, no direct inference about the role of FPG on cognitive decline can be drawn. However, adjustment for childhood SEP, education and ethnic origin partly controls for baseline cognition and partly overcomes this drawback. We did not undertake a 24-h ABPM (ambulatory blood pressure monitoring). This may be a limitation of our study, as accounting for our three consecutive measurements of blood pressure does not eliminate the influence of hemodynamic factors. Finally, the present study includes a relatively small portion of the original Visit 1 participants recruited at age 17 in 1976-78. However, as depicted in figure 1 , the main reason for this apparent discrepancy in sample sizes was due to us drawing a small random sample of the Visit 1 participants for the detailed Visit 4 round of examinations (70% response). The Visit 5 and Visit 6 samples were a follow-up of the Visit 4 study sample, with response rates of 71% and 82%, respectively. We emphasize that the current study participants were shown to be representative of the Visit 1 source population. Therefore, we do not assume that the reported associations of FPG and cognition are likely to be overestimated due to nonresponse or selection bias.
The main strength of this study is its focus on young adults free of diabetes at baseline. Additional strengths are the longitudinal data on FPG, the wide range of potential confounders evaluated, including detailed socio-demographic, psychosocial, health behavioral and biochemical variables, and the comprehensive objective computerized cognitive measures with millisecond precision. Finally, the generalizability of these findings in a heterogeneous Jewish population sample should be assessed in other populations.
In summary, our results indicate that even in healthy young adults aged 30 without diabetes, fasting hyperglycemia was inversely associated with a global measure of cognition in midlife. Should this finding be confirmed by longitudinally measured cognitive data, testing whether interventions in young adults aimed at maintaining or reducing glucose levels well below 5.6 mmol/l would delay cognitive decline in nondiabetic middle-aged adults is indicated. Multidomain interventions of lifestyle, management of metabolic and vascular risk factors and cognitive training in non-demented older adults have already been demonstrated to prevent cognitive decline. 41 
Supplementary data
Supplementary data are available at EURPUB online. 
Key points
Data relating impaired glucose regulation to cognitive function in young adults are scarce, entail only crosssectional assessment of glucose and cognition, and are based on middle-aged samples, type 2 diabetes patients or a small sample of convenience. We are unaware of reports relating either plasma glucose concentrations or longitudinal change in plasma glucose with cognitive assessment in population-based samples of young adults free of diabetes.
A higher fasting plasma glucose concentration in healthy young adults aged 30 was associated with lower global cognitive function at age 50. Hyperglycemia in young adults may be a preventable and modifiable risk factor for low ranked cognitive function in midlife.
